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n this study, we examine the performance of luminescent solar concentrators utilizing a semiconductor nanocrystal heterostructure lumophore in which it is possible to separately tune the composition, volume, and band gaps of the absorbing and emitting portions. In this way, it is possible to systematically control the Stokes shift of the lumophore and the characteristic length scale over which light concentration can be achieved. The highly developed CdSe/CdS seeded nanorod system is used to study the propagation of light inside the concentrator with this unique class of lumophore. Success with this well-understood system may encourage the development of lower band gap heterostructure lumophores better matched to the solar spectrum.
Luminescent concentration for photovoltaic energy production has long been studied as a means to concentrate both direct sunlight and diffuse light onto highefficiency solar cells. 1, 2 A luminescent solar concentrator (LSC) typically consists of a luminescent dye, or lumophore, embedded in a polymer sheet with a high-performance solar cell attached at the side. In such a device, sunlight is absorbed in a lumophore, emitted into the waveguide modes of the polymer sheet, and directed to a photovoltaic cell where it is absorbed and converted to electricity. Since the area of the polymer sheet is greater than the area of the photovoltaic cell, concentration of the solar photon flux is achieved. In addition, highenergy photons which are typically difficult to utilize in a photovoltaic cell are downconverted to a more efficiently utilized wavelength. Thermodynamically, these devices operate by harnessing the Stokes shift of the lumophore. 3, 4 The thermodynamic limit for photon concentration increases exponentially with the Stokes shift of the lumophore. For example, the thermodynamic concentration limit for a lumophore absorbing at 500 nm and emitting at 600 nm is around 11 500 000. In contrast, a perfect lens can concentrate sunlight by a factor of 46 200, and practical concentrator systems typically operate at concentration factors of a few hundred to a few thousand due to difficulties in tracking precision, lens precision, and thermal degradation of photovoltaic performance. 5 The luminescent solar concentrator avoids all of these problems: it requires no lenses and no trackers, and the heat generation from high-energy photons is distributed in the LSC instead of being concentrated on the photovoltaic cell. In the thermodynamic limit, all of the energy lost to the Stokes shift is recovered as increased voltage from the concentration of photons onto the photovoltaic cell. In practice, such high concentration is elusive and LSC devices have to date been limited to concentration factors around 10.
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The disparity between ideal and real luminescent solar concentrators is due to incomplete trapping of luminesced light and nonunity fluorescence quantum yields. 7, 8 The root of this problem is excessive overlap between lumophore absorption and emission spectra. As a luminesced photon travels through the LSC, it may be reabsorbed by other lumophores. Every reabsorption event presents an opportunity for loss, such as nonradiative decay or emission into the escape cone. For this reason, LSC concentration ratios plateau long before the thermodynamic limit. This effect has been shown in recent work with inorganic lumophores, 9, 10 organic lumophores in microgeometries with transferprinted silicon 11, 12 and GaAs solar cells, 13 as well as studied by numerical modeling. 14À16 In order for luminescent concentrators to approach their thermodynamic limits, the luminesced light must be trapped in the polymer and directed onto the solar cell. For the most effective light trapping, a lumophore with a narrow emission spectrum and a large Stokes shift is required. Studies of light trapping have been limited by a dearth of dyes meeting these criteria. 17, 18 In summary, approaching the thermodynamic concentration limit will require a lumophore with large Stokes shift, high quantum yield, minimal overlap between absorption and emission, and a narrow emission spectrum. Semiconductor nanocrystals 19, 20 have been considered as lumophores in LSCs due to their broad absorption spectra, high fluorescent quantum yields, 21 resistance to photobleaching, 22 and tunable absorption and emission spectra. However, they have not been systematically tuned in past LSC studies to reduce the absorption/emission overlap. Single-component nanocrystals such as CdSe have significant overlap between their absorption and emission spectra and have small Stokes shifts. Core/shell materials such as CdSe/CdS utilize the separate absorption spectra of the two components to achieve lower reabsorption. While the absorptionÀemission overlap decreases with increasing CdS shell thickness, so does the luminescent quantum yield. Bomm et al. performed a systematic study of a quantum dot LSC using CdSe/CdS coreÀ shell quantum dots and obtained a moderate concentration ratio. 21 Additionally, since the reabsorption is reduced by increasing the CdS shell size, a very large shell is needed. Progress has been made in the growth of thick CdS shells onto CdSe seeds, but shell thicknesses have so far been limited to around 10 nm.
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In this study, we examine the performance of luminescent solar concentrators utilizing semiconductor nanocrystal heterostructure lumophores meeting all four of the above requirements: the CdSe/CdS seeded nanorod. Similar to CdSe/CdS coreÀshell particles, there is a small CdSe core with a large volume of CdS grown on top. However, it is possible to grow much larger volumes of CdS in the nanorod geometry than in the coreÀshell geometry, resulting in significantly reduced absorptionÀemission overlap and long propagation distances in the waveguide. In addition, seeded nanorods have routinely achieved luminescent quantum yields of 30À80% and excellent air stability compared to spherical coreÀshell particles. Past studies of CdSe/CdS seeded nanorods for luminescent concentration have focused on utilizing the polarized emission of self-assembled vertical arrays of nanorods to limit the escape of luminesced photons. 26 In this study, we instead explore the tunable geometry of the CdSe/CdS nanorod system and demonstrate that large nanorods do indeed reduce the reabsorption of luminesced photons as they travel through the film. Additionally, we accurately model the experimental data from first-principles with a Monte Carlo ray tracing simulation and use the simulation to illustrate paths to the high-concentration regime. We describe a photonic light-trapping structure that, based on predictions of theory, reflects over 99% of luminesced photons from the nanorods. The same light-trapping strategy used on a model organic dye, dicyanomethylene, results in a trapping efficiency of only 95% due to the broad emission linewidth of the organic dye. Comparison of the nanorods and organic dye in the Monte Carlo model shows that efficient light trapping allows the nanorods to achieve higher concentration than their organic counterparts. Finally, with good light trapping in place, an increase in the volume of the nanorod results in an increase in the concentration of photons.
RESULTS AND DISCUSSION
Synthesis and Characterization of CdSe/CdS Nanorods. Figure 1aÀf shows TEM micrographs of a series of nanorods that were synthesized, keeping the CdSe seed a constant 2.5 nm diameter and increasing the final rod size from 4.1 nm Â 8.8 nm in the smallest case to 9.3 nm Â 78 nm in the largest case. Synthetic details can be found in Supporting Information. As shown in Figure 1g , longer and thicker rods result in a lower volume fraction of CdSe and thus lower absorption at wavelengths longer than 500 nm. Additionally, the absorption spectrum is measured in transmission mode, allowing the spectra of the largest nanorods to display scattering at energies lower than the excitonic absorption feature at 580À620 nm. Increasing nanorod size 
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results in a red shift of the luminescence peak from 570 nm in the smallest rods to 610 nm in the largest nanorods due to a reduction in quantum confinement. Figure 1h shows the relationship between nanorod size, luminescent quantum yield, radiative lifetime, and nonradiative lifetime. Both luminescence lifetime and quantum yield were measured in solution phase. Radiative (τ rad ) and nonradiative (τ nr ) lifetimes are determined from the measured photoluminescence lifetime (τ meas ) and the luminescent quantum yield (QY) by the formula
The radiative lifetime of the nanorods increases linearly with increasing nanorod volume from 33 ( 8 ns for the smallest nanorods to 911 ( 80 ns for the largest nanorods in this study. Similar results have been reported recently. 27 The increase in radiative lifetime with increasing nanorod volume is mitigated by an increase in the nonradiative lifetime from 79 ( 19 ns for the smallest nanorods to 494 ( 41 ns for the largest nanorods. As a result, the quantum yield does not decrease as much as one might expect, dropping from 71 ( 3% for the smallest nanorods to 35 ( 1% for the largest nanorods. LSC Design and Fabrication. One of the main challenges in fabricating a LSC with inorganic nanoparticles is dispersing them in a polymer matrix without agglomeration or quenching of their luminescence. Earlier work by Lee et al. demonstrated that poly(lauryl methacrylate) (LMA) with a high concentration of cross-linker ethylene glycol dimethacrylate (EDGMA) may be used to form well-dispersed quantum dotpolymer composites. 28 A similar procedure has been utilized to successfully fabricate LSCs incorporating quantum dots. 29 Here, we modify the formulation by reducing the cross-linker concentration to avoid stressinduced tears in the film. We also use UV photoinitiated polymerization to promote fast polymerization kinetics and mitigate agglomeration of the nanorods. The absorption spectra, luminescence spectra, and luminescence quantum yield of the nanorods were unchanged upon integration into the polymer.
To study the performance of the LSC, a transferprinted micro-silicon photovoltaic cell 30 with thermal oxide passivation on the top and side walls 31 was embedded in a 30 μm thick polymer/nanorod composite, all supported by a 180 μm thick quartz sheet. The best performance is attained when photons can propagate long distances in the waveguide, which requires excellent reflectivity of the waveguide surfaces. For example, in a LSC with a thickness of 210 μm and a radius of 20 mm, photons traveling from the edge of the sheet must be reflected up to 100 times without appreciable loss. To obtain highly reflective waveguide surfaces, the LSC polymer sheet was formed by capillary infilling of an air gap between two smooth quartz plates, as depicted in Figure 2a . The supporting substrate was treated with an acrylate functional silane to promote adhesion, while the top plate was treated with a fluorosilane to facilitate delamination. The liquid film was then cured under UV illumination, and the top plate was removed, leaving the μ-cells embedded in a polymer sheet with a flat top surface. A schematic of the completed device is shown in Figure 2b . It is also possible to support the LSC While it should be noted that these curves do not represent the best performance achieved in this study, the electronic properties of the cells remain consistent regardless of the LSC fabrication process, as evidenced by the consistent fill factor of around 0.7 for all devices. Effects of Nanorod Loading on LSC Performance. Figure 3a shows the performance of the LSC as a function of nanorod loading. The concentration as a function of incident wavelength is measured by taking external quantum efficiency measurements with the beam illuminating a 7 mm radius spot on the LSC and normalizing to the performance of the micro solar cell measured at 600 nm in the same geometry without any lumophore and without a reflective back surface. The device with no nanorods (OD = 0) but with a reflective back surface is shown for comparison. The concentration can exceed 1 without nanorods but with a reflective back surface due to the angular spread of the light source in the measurement. Photons that enter the LSC at oblique angles near the solar cell can be reflected onto the solar cell. To maximize the probability that a photon traveling through the waveguide is absorbed in the photovoltaic cell, the polymer must not be much thicker than the photovoltaic cell itself, which is 30 μm. To achieve optical density of 1 in the film, approximately 0.3% of the polymer volume must be displaced by nanorods. 32 Increasing the nanorod loading initially increases the concentration of light from the blue region of the spectrum, where the nanorods absorb, Under the photoinitiated polymerization scheme, increasing the EGDMA cross-linker content to 20% allows for kinetic control of the polymer matrix formation, keeping the nanoparticles welldispersed as evidenced by high optical clarity. These films, however, have a tendency to tear and crack, presumably due to internal stress. Effects of Nanorod Size on LSC Performance. The performance of the LSC as a function of nanorod size was also investigated. Optical density for these devices was held to around 0.1 at 450 nm to avoid the scattering apparent at higher loadings. This is accomplished by holding the volume fraction of CdS nearly constant. Large nanorods, then, are incorporated in fewer numbers than small nanorods. Absorption spectra of the films can be found in Supporting Information. Figure 3b shows the concentration as a function of wavelength for the different nanorod sizes. In all cases, the concentration of blue photons in the device follows the absorption spectrum of the nanorods; the concentration of red photons is suppressed in each case, confirming minimal scattering of light in the LSC sheet.
The propagation of photons inside the waveguide was characterized by illumination in a solar simulator with an aperture controlling the illumination area. A blue band-pass filter centered at 405 nm is used to isolate the luminescence of the nanorods from scattered red light. A circular aperture is centered on the silicon photovoltaic cell and the photocurrent measured as a function of aperture radius. Figure 3c shows the results for the largest and smallest nanorods. The smallest nanorods show concentration factors that increase rapidly at small radii but begin to asymptote at larger radii. In contrast, the larger nanorods show concentration factors that increase nearly linearly with increasing radius. The propagation of photons inside the waveguide can be approximated as an exponential decay with a characteristic length scale defined as the propagation length. Allowing for a short-propagating population of scattered photons and a long-propagating population of luminesced photons, the photocurrent is fit to the equation
where J photo (r) is the measured photocurrent density at an aperture radius r and the following parameters are a result of the curve fit: J max is the photocurrent density at infinite device size, L 1 and L 2 are the propagation lengths for scattered and luminesced photons, respectively, with their associated magnitudes A 1 and A 2 . This model is reasonable because the population of scattered photons must be generated on one pass through the LSC, requiring a characteristic scattering length on the order of the thickness of the LSC. As a result, scattered photons only travel a few hundred micrometers. In contrast, the luminesced photons have been shifted from their incident wavelength to the luminescent wavelength, allowing for different length scales for generation and propagation. The propagation length of the luminesced photons, plotted in Figure 3d , shows increasing propagation length with increasing nanorod volume due to the reduced reabsorption from the CdSe seed. As a result of the limited optical density of the films, a reflective back surface is required to increase the absorption path length. In this study, a black anodized aluminum surface, a silver mirror, and a scattering white Spectralon surface were used. The propagation lengths in Figure 3d are not significantly different for the different back surfaces (see Supporting Information). A black back surface allows 1 pass for absorption, a mirror back surface allows 2 passes, and a scattering surface allows 2.2 passes for a polymer with refractive index of 1.4, as the oblique rays bend back toward normal upon refraction into the polymer (see Supporting Information). While this optical path length enhancement is less than the 4n 2 Yablonovitch scattering limit of 7.8, that limit is only achieved by continual randomization of photons within the polymer, which would eliminate the long-traveling waveguide modes. 33, 34 While it is still possible in theory to achieve luminescent concentration beyond the scattering limit in such a circumstance with the application of perfect light trapping, continuous randomization would place an extraordinary burden on the luminescent quantum yield of the lumophore and reflectivity of all surfaces. This logic also applies to highly scattering lumophores such as nanorod agglomerates and is the reason that agglomeration is detrimental to device performance. Monte Carlo Ray Tracing Simulation. To explore the potential for improving the performance of the LSC device, a Monte Carlo ray tracing simulation was developed. These models have been previously shown to be accurate if accurate physical parameters are used. 7, 8, 15, 16, 21, 35 In this case, the simulation was performed utilizing measured values for the absorption spectrum of the nanorods in solution, nanoparticle loading in the film, luminescent quantum yield of the nanoparticles, and luminescence spectra of the nanoparticles. Absorption in the thin silicon cell is calculated with the finite-difference time domain (FDTD) method, assuming every absorbed photon is collected as current. 36 Reflections and refractions are calculated at every interface of the LSC with Fresnel coefficients. A detailed description of both the Monte Carlo simulation and the FDTD method can be found in the Supporting Information, and the results are shown against experiments in Figure 4a . As a result of the excellent agreement between the model and the experimental data, the simulation was used to search for a path to the high-concentration regime. The Monte Carlo simulation shows that, at larger illumination spot sizes, the larger nanorods outperform the smaller nanorods due to the relatively free propagation of photons inside the LSC despite the lower luminescent quantum yield of the larger nanorods. At the experimentally achieved illumination radius of 18 mm, the area of the LSC is already 6800 times the area of the micro solar cell and a vast majority (over 99%) of the luminesced photons are eventually lost either out the side or out the top of the sheet. Therefore, trapping the luminesced light may have a much larger effect than simply increasing the size of the sheet. Light trapping at the side of the sheet could be accomplished by the addition of a mirror on the edge. Light trapping on the top is a more complicated matter because it must allow blue photons to pass through at normal incidence, and must reflect luminesced red photons at every angle as they impinge on the top surface of the LSC sheet. This could be accomplished by the addition of a photonic structure such as a 1-D Bragg mirror.
The reflectance band of the Bragg mirror must contain the luminescence spectrum of the lumophore at angles ranging from normal incidence up to the angle of total internal reflection. Further, the dielectric materials used in the Bragg mirror must have a band gap higher than the CdS absorber, and they must have low subgap absorption. A Bragg reflector was designed for each nanorod emission spectrum, optimizing for the highest reflectance averaged over a constant brightness hemisphere and the emission spectrum of the nanorods (details in Supporting Information). In addition, the same Bragg reflector optimization strategy was performed for dicyanomethylene (DCM), a model organic dye. Figure 4b shows the reflectivity spectrum for the Bragg mirror at normal incidence and immediately before the angle of total internal reflection, with the emission spectra of a nanorod sample and DCM superimposed for comparison. The narrow emission line width of the nanorods allows angle-and wavelength-averaged reflectivity exceeding 99% in all ARTICLE BRONSTEIN ET AL.
www.acsnano.org 50 cases. In contrast, the comparatively wide emission spectrum of DCM allows only 95% reflectivity. In order for the Bragg reflector to fully capture the organic dye emission, a much wider reflectance peak would be needed, necessitating unreasonably high index contrast between the two materials in the stack.
The effect of trapping the luminescence on concentration is shown in Figure 4c . Without light trapping on the edges, a luminescence trapping top surface improves the concentration factor for small nanorods from 6 to around 10. Past experimental studies have shown similar improvements for light-trapping structures optimized at normal incidence. 18, 37 In our model, improving the edge reflectivity with a photonic mirror already in place on top of the LSC results in large increases in the concentration factor. Concentration factors utilizing the optimized mirror are shown in Figure 4c as the edge reflectivity is modulated from zero to unity. For small nanorods, the excessive reabsorptionÀre-emission limits the performance even with trapping of luminesced light. The organic dye has a luminescent quantum yield of 85%, resulting in higher concentration factors until the edge reflectivity approaches unity. At that point, the highly efficient light trapping due to the narrow emission band allows the large nanorods with their relatively low luminescent quantum yield of only 35% to achieve concentration factors of nearly 100. The combination of efficient trapping and long propagation distances reduces escape losses. Figure 4d shows the effect of nanorod size on the concentration factor for a range of luminescent quantum yields. Others have reported luminescent quantum yields of up to 80% for the CdSe/CdS nanorod system 38, 39 and 97% for the core/shell system. 25 Holding the quantum yield constant shows that, in the regime of excellent light trapping, there is a nearly linear relationship between nanorod volume and photon concentration factor. This is due to the reduced reabsorption of the larger nanorods: linear increases in volume result in linear increases in the propagation length of photons inside the LSC, resulting in more chances for the photon to be absorbed by the solar cell. As the nanorod volume gets very large, the propagation distance asymptotes due to scattering in the polymer matrix. While the simulations did not include the effects of scattering by the nanorods, this is found to be a small effect. We calculate the scattering using the electrostatic dipole www.acsnano.org 51 approximation (details in Supporting Information) and show that, for all the nanorods in this study, the reduced reabsorption of larger rods is more important than their increased scattering. Further increases in the nanorod volume would likely cause the scattering to overwhelm the reduced reabsorption of the larger rods and result in diminished concentration factors. Additionally, with the efficient light-trapping structure used in these simulations, larger nanorods do not require as high of luminescent quantum yields in order to outperform their organic dye counterparts. Such high concentrations are unprecedented in the literature, and the effects of these high photon fluxes on the nanorods are not obvious. A variety of nonlinear optical and electronic effects in the nanorod lumophore may become relevant. For example, the absorption of the CdSe core exciton should saturate for large nanorods with long lifetimes at concentration factors over 100, resulting in exceptionally long propagation distances. At these high excitation levels, Auger recombination and stimulated emission may change the radiative and nonradiative rates. A thorough examination of these nonlinear effects is beyond the scope of this study.
CONCLUSION
This investigation of CdSe/CdS nanorod lumophores for luminescent solar concentration highlights design considerations for reaching the high-concentration regime. We demonstrate experimentally that increases in nanorod volume lead to increases in the propagation length of luminesced photons. We show the importance of narrow emission line widths for achieving efficient trapping of luminesced light and the importance of efficient luminescence trapping for achieving high concentration. Further, we show the trade-off between luminescence quantum yield and reabsorption once trapping is implemented, showing the necessity of lumophores with both low reabsorption and high quantum yield. We expect additional improvements to be made in the LSC device through synthesis of particles with band gaps better matched to the solar spectrum, further optimization of the LSC geometry, and the utilization of a photovoltaic cell that is well-matched to the emission of the lumophore. With the design principles shown in this paper, the high-concentration regime should be accessible.
EXPERIMENTAL SECTION
Synthesis of Seeded Nanorods. CdSe/CdS seeded nanorod synthesis was adapted from literature 39,40 with size control.
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Details can be found in the Supporting Information. Characterization of Seeded Nanorods. Absorption spectra were obtained on nanorods dispersed in hexanes by transmission measurements with a Shimadzu 3600 UVÀvisÀNIR absorption spectrometer. Emission spectra were obtained for nanorods dispersed in hexanes with a HORIBA Jobin-Yvon FluoroLog 2 spectrofluorimeter utilizing a photomultiplier tube detector. Luminescent quantum yields were obtained using a HORIBA Jobin-Yvon FluoroLog 3 spectrofluorimeter with an integrating sphere, calibrated using a NIST-traceable Avalight HAL-CAL-CC-VISNIR calibration lamp, serial number LS-1007057. Luminescence lifetime was obtained on a PicoQuant FluoTime 300 with 407 nm excitation by a LDH-P-C-405 pulsed diode laser and a PMA-175 detector. Transmission electron micrographs were obtained on a 200 kV Tecnai G220 S-TWIN with a Gatan SC200 CCD camera.
Preparation of Nanorod Dispersion in Monomer. Lauryl methacrylate (LMA) and ethylene glycol dimethacrylate (EGDMA) were purchased from Sigma Aldrich and purified over an inhibitor removing column (Sigma Aldrich product #306312) to remove the monomethyl ether of hydroquinone (MEHQ) polymerization inhibitor. LMA and EGDMA were mixed at a 10:1 ratio. Quantum rods in hexane solution, together with 4% by volume trioctylphosphine, were added to the mixture, and then the solvent was evaporated with a rotovap at 40°C. The resultant solution is clear and stable at room temperature for an extended period of time. Photoinitiator Darocur 1173 (Sigma Aldrich) was added (1% by volume) before polymerization.
Fabrication of LSC Integrated with Si Micro Solar Cell Module. Fabrication and transfer printing of micro solar cells has been described previously. 30, 31 A quartz substrate is prepared by spin-coating a 10 μm layer of partially cured UV-curable adhesive (NOA61 from Norland). The substrate and device were ozone activated in a UVOCS T10X19 OES and immediately brought into 3-(trimethoxysilyl)propyl methacrylate (Sigma Aldrich) vapor for 1 h to enhance adhesion between the PLMA and the substrate. Then 30 μm spacer soda lime glass beads (SPI product #2714) were sparsely sprinkled onto the substrate.
A tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (Sigma Aldrich) treated quartz plate was then secured on top of the printed cell module and spacers, with treated surface facing down. Under inert atmosphere, the solution of quantum rods in monomer was then capillary-filled into the cavity with the flow parallel to the long axis of the microcell. Still in inert atmosphere, the assembly was cured for 45 min under UV illumination and then annealed at 100°C for 30 min. The quartz top plate was then relieved, leaving the top surface of the microcell and PLMA exposed. The top contact of the device is achieved by screen-printing a silver epoxy (E4110, Epoxy Technology) line through a stencil mask formed by aligning two sloped PDMS blocks under stereoscope and curing at RT for over 48 h.
Electronic Characterization. Photovoltaic characterization was performed with a Keithley 2400 sourcemeter. The illumination source is an Oriel 91192-1000W solar simulator with AM1.5G filter. External quantum efficiency is measured using a Gooch & Housego OL-750 automated spectroradiometric system.
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